Studies were undertaken using human duodenal mucosa to determine whether it contained a counterpart to a newly identified iron-binding protein recently isolated from rat duodenum and named mobilferrin. Water-soluble homogenates were prepared from duodena of patients undergoing surgery for pancreatic carcinoma. An iron-binding protein with an approximate molecular mass of 56 Kd was purified to homogeneity using 60% ammonium sulfate and serial chromatographic steps. The protein was biochemically and immunologically distinct from transferrin and ferritin, and compet-RON ABSORPTION occurs mostly in the proximal I small intestine where the mucosa remains attuned to body requirements from i~0n.I'~ For many years, ferritin was believed to be the mucosal regulator of iron absorption. It was postulated that iron-poor apoferritin was present in iron-deficient mucosa and empty iron sites encouraged iron absorption?6 Immunological studies refuted this hypothesis and showed that iron was required to induce production of ferritin and suggested that ferritin was predominantly a storage protein that protects the cell from the oxidative damage of ionic iron.' A more recent viewpoint is that mucosal transferrin acts as a shuttle protein by being secreted into the intestinal lumen to bind iron and enter the mucosal cell to facilitate iron absorption: This hypothesis was challenged because humans with atransferrinemia become iron overloaded rather than iron deficient, the gene for transferrin is not expressed in duodenal mucosal cells, and neither transferrin nor transferrin receptors can be identified in the apical portions of intestinal absorptive cells where iron-binding substances are identified.'.'' A search for other iron-binding proteins in intestinal mucosa of rats led to the discovery and characterization of a 56-Kd protein that was biochemically and immunologically distinct from transferrin and ferritin and that competitively bound other metallic cations." This article describes a similar protein in isolates from human duodenum. This protein may explain partially the absorptive pathway that iron shares with other metal cations that is unexplained by either transferrin or ferritin.
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MATERIALS AND METHODS
Duodenum was obtained at surgery from three patients undergoing a Whipple procedure for pancreatic carcinoma. Consent was The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with I8 U.S.C. section 1734 solely to indicate this fact. obtained from the patients before surgery to use their duodenal mucosa for investigational purposes. The excised mucosa was scraped free from the serosa with a stainless steel blade and immersed in an iced buffered solution containing proteolytic inhibitors and 0.1 mCi 5Te-nitriloacetic acid (Fe:NTA = 1:4) ( Table 1 ). The preparation was homogenized in a Vir-Tis-23 homogenizer for 5 minutes followed by 12 strokes on a PotterElvehjem grinder with a teflon pestle as described previously (Fisher Scientific Co, Pittsburgh, PA).12 The homogenate was centrifuged and the supernatant was incubated with 0.2% protamine sulfate for 2 hours to remove nucleic acids. The mixture was centrifuged and the supernatant was incubated for 4 hours after the addition of sufficient ammonium sulfate to bring the final concentration to 60% (transferrin and ferritin are precipitated by 60% ammonium sulfate). After centrifugation, the supernatant was collected and applied to a 5 x 100 cm column containing Sephadex G50. Aliquots were collected on a fraction collector and test tubes containing radioactivity were pooled and dialyzed in 0.15 mol/L NaC1, 10 mmol/L HEPES (pH 7.4) overnight. Dialyzed fractions were applied to a 2.5 x 7.5 cm column containing DE 52 that had been washed in 0.15 mol/L NaCl and 10 mmol/L HEPES. The majority of radioiron eluted from the column before application of a gradient. These fractions were dialyzed in two changes of 0.01 mol/L NaCl and 10 mmol/L HEPES, pH 7.4. This was applied to a 2.5 x 7.5 cm column of DE-52, which had been washed in the low-salt HEPES buffer and fractions containing radioiron after elution with a 0.5 mol/L NaCI, 10 mmol/L HEPES (pH 7.4) gradient were collected. Fractions containing radioiron were dialyzed in 0.01 mol/L NaCl and 10 mmol/L HEPES and then applied to a 2.5 x 7.5 cm column containing cellulose phosphate resin. The radioactive fractions were concentrated on a 1.0 x 2.5 cm DE-52 column by the addition of 0.5 mol/L NaCl and 10 mmol/L HEPES (pH 7.4). For certain studies, the saline concentration was reduced immediately before use by either dialysis against 0.01 mol/L NaCl and 10 mmol/L HEPES (pH 7.4), or by washing the specimen using this buffer in a Centricon-10 (Amicon, Danvers, MA) microconcentration tube and centrifuging the specimen at 7, OOOg for 30 minutes at 4°C.
Samples for electrophoresis were concentrated and desalinated by ultrafiltration (Centricon-10). Denaturing gel electrophoresis sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) was performed using Bio-Rad dual electrophoresis cells with a Bio-Rad (Melville, NY) Model 3000/300 power s o~r c e . '~ Gels were stained with Coomassie stain S-250 (Bio-Rad). Molecular mass standards from 92 to 14 Kd (Bio-Rad) were used on SDS-PAGE in addition to the protein is01ate.I~ Estimates of molecular mass were made by comparing the relative mobility of the unknown protein with proteins of known molecular mass. In addition, molecular mass was estimated by gel filtration in Ultrogel ACA-44 (Pharmacia, Piscataway, NJ) columns (1 x 100 cm) with comparisons with proteins of known molecular mass (Sigma, St Louis, MO).''r'4 In vitro binding of radioiron to isolates of mobilferrin was quantified by ultrafil- were used in place of nonradioactive iron to determine i f there was competitive binding of metals to human mobilferrin. Amino acid analysis was performed on aliquots of human mobilferrin purified as already described and found to be homogenous by SDS-PAGE for the 56-Kd protein. Specimens were hydrolyzed and analyzed as described by Hirs.lb Methionine and tyrosine measurements were made by using performic acid oxidation before hydrolysis for 1 hour. Serine and threonine values were corrected to zero time, and valine, isoleucine, and leucine were corrected to maximum yield. Optimum amino acid residue number was calculated by least deviation from integer. Antibody measurements were performed by an enzyme-linked immunoadsorbent" using a polyclonal antibody raised in rabbits against the 56-Kd water-soluble, iron-binding protein that had been isolated from rat duodenal mucosal homogenates."
RESULTS AND DISCUSSION
A water-soluble protein was isolated from human duodenal homogenates that was soluble in 60% ammonium sulfate solutions. The protein reversibly bound iron and dissociation was pH dependent with accelerated loss of iron in acidic solutions. Calculations of specific activity and yield using radioiron were unreliable during purification because of loss of radiolabel. However, sufficient radioiron remained associated with the protein to allow its identification. After chromatographic isolation, the protein had an approximate molecular mass of about 56,000 daltons as determined by SDS-PAGE and only a single protein component was dem~nstrated.'~ This electrophoretic band did not stain with Schiff-periodate, indicating the absence of significant carbohydrate. The hydrodynamic volume on gel filtration with ACA-44 compared with standard globular proteins indicated a molecular mass of approximately 56,000 daltons and was consistent with a monomeric structureI4 (Fig 1) .
The molecular size, electrophoretic mobility, monomeric structure, and amino acid composition (14,165) were similar to those observed in rat intestinal homogenates and distinguished this protein from other known iron-binding proteins such as transferrin, ferritin, and lactoferrin (Table  2 ). In addition, the protein isolate reacted with polyclonal antibody raised in rabbits against the comparable rat protein using an enzyme-linked immunosorbent assay, but it was not reactive with antibody raised against either rat liver ferritin or rat serum transferrin.
Iron binding was measured using 59Fe-nitriloacetate chelate (molar ratio 1:4) and ultrafiltration through an anisotropic membrane with a 10,000-dalton molecular size cutoff (Centricon-10) (Fig 2) . Iron bound the protein to a saturable level in a typical hyperbolic fashion." Nonlinear regression fitting of the binding curve demonstrated a dissociation In addition to iron, other metals bound the iron-binding protein competing for the same site as iron (Fig 3) . Metal chelates with nitriloacetate (molar ratios 1:4, valence 111) were incubated with the protein at various concentrations and the ability to compete for iron was determined. The metals showed a relative binding of Fe > Zn = Co > Pb.
Thus, unlike ferritin and transferrin, it may partially explain why iron inhibits the absorption of these metals and iron-deficient animals absorb increased quantities of these metals."
This protein was previously named mobilferrin after its city of origin to distinguish it from other iron-binding proteins. Although the function of this protein is not established, its presence in the intestinal mucosa and its reversible specific binding of iron suggests participation in iron transport in the gut."
